"The major contributions of surgical interest which have been made to our understanding of wound healing since Virchow and Paget rest with quantifying the rate of repair and the appraisal offactors which affect it." (Dunphy, 1960.) ALTHOUGH a great deal of work has been carried out in investigations of the rate at which wounds heal, the only ocular wound that has been studied from this aspect is the cataract wound (Gliedman and Karlson, 1955) . This paper reports an investigation into the rate at which the rabbit extra-ocular muscle becomes re-attached to the sclera after the operations of recession and resection.
ALTHOUGH a great deal of work has been carried out in investigations of the rate at which wounds heal, the only ocular wound that has been studied from this aspect is the cataract wound (Gliedman and Karlson, 1955) . This paper reports an investigation into the rate at which the rabbit extra-ocular muscle becomes re-attached to the sclera after the operations of recession and resection.
Carrel (1910) first studied the rate at which an open skin-wound healed. Incisional wounds were not studied until the classic work of Howes and Harvey (1929) , who thought that the best way to measure the rate of deposition of fibrous tissue in these wounds was to record their tensile strength at intervals after operation. They argued that as the catgut sutures lost their strength after three or four days in the tissues, the strength of the wound after this time was almost entirely due to the fibrous tissue deposited. Studying the rate of healing of stomach wounds they found that their results could be represented on a graph, as shown in Fig. 1 . The validity of the general shape of this curve was confirmed by histological studies of I the rate of deposition of fibrous tissue o" (Howes, 1933; Whipple, 1933; Hess, 1953) . at These wounds involved the union of/ muscle to muscle and they attained normal 5 / strength within 14 days of operation. So.
However, this was not the case where fibrous tissue became reunited with fibrous T ' 15
tissue (Mason and Allen, 1941; Douglas, FIG. 1.-Graph representing the increase in the 1952), since three months after operation tensile strength of wounds at intervals after operasuch wounds are not more than 40 per tion. (Howes and Harvey, 1929.) cent. of their normal strength. The slow increase in strength of the cataract wound is an example of this (Gliedman and Karlson, 1955) . In the present work the rate of healing of muscle to fibrous tissue is studied for the first time. By the late 1930's the time was ripe for a revival of the argument on the relative merits of using catgut and silk sutures. Howes (1933) and Whipple (1933) found that there was less exudation at the site of the wound when silk sutures were used than when catgut were used. Localio, Casale, and Hinton (1943) , in an extensive series of investigations, found that wounds sutured with non-absorbable sutures increased in strength earlier and at a faster rate than those sutured with catgut. This was confirmed by Fast, Nelson, and Dennis (1947) . Later, Nelson and Dennis (1951) showed that there was an optimum size of suture and that the use of a thicker one did not increase the tensile strength of the wound. This time, however, they did not find any difference between the tensile strength of wounds sutured with silk or catgut.
The tensile strength of wounds has been measured in various ways. Howes and Harvey (1929) measured the force required to pull the edges of the wound apart on a Scott thread-testing machine. Wounds in the walls of hollow cavities, e.g., the stomach (Howes, 1933) and abdominal wall (Localio, Casale, and Hinton, 1943) have been disrupted by the injection of air and the strength of the wound recorded as the pressure required to burst open the cavity. Recently, the fibrous tissue deposited in wounds has been measured by chemical assay (Neuman and Logan, 1950) . The results of this method confirm the validity of the concept of the tensile strength of a wound being a measure of the amount of fibrous tissue deposited (Dunphy and Udupa, 1955; Grillo, Watts, and Gross, 1958) . In the present investigation, the tensile strength of the wounds was used as a measure of the amount of fibrous tissue laid down.
Experimental Methods
Adult rabbits were used for all the experiments and in each case the right inferior rectus muscle was recessed 4 mm., and the right superior rectus muscle was resected 4 mm., as described in a previous paper (Ingram, 1965) . All the rabbits were fed on a standard diet containing 14-7 per cent. protein. The tests were carried out at the following daily intervals after operation: 0, 1, 2, 3, 4, 5, 7, 10, 14, 21, 28, 56 , and 84 days. The tensile strength of the wounds could not be measured with the eyes in situ in the orbit (because of the danger of haemorrhages if the venous sinus is opened) and therefore the eyes were removed before the test. A minimum of 5 results was obtained for each wound on each post-operative day. Two series of experiments were carried out; in the first series, 3/0 plain catgut sutures were used, and in the second series 2/0 white silk sutures were used.
The tensile-strength tests were performed as follows. The eye was enucleated as soon as the rabbit had been killed. A rectangle of sclera and cornea, with the muscle attached at the site of the wound, was cut from the eye. The specimen was mounted in the clamps of the Scott thread-testing machine with laconite "cushions" separating the tissues from the metal clamps; the scleral end was placed in the fixed clamp and the muscle in the clamp on the moveable carriage. The machine works on the inclined plane principle-as the rail tilts, the carriage (of known weight) tends to slide down, thus increasing the tension applied to the specimen. When the specimen breaks the carriage falls to the dependent end of the rail, and the end-point is automatically recorded on a chart.
There is one feature of this method of testing which has not been mentioned before in medical papers-namely a tendency for one end of the specimen to slip out of the clamp. With the specimens used in this investigation it was technically impossible to eliminate this.
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RATE OF MUSCLE RE-ATTACHMENT AFTER OPERATION At the same time, it was not always possible to be sure whether a true break had occurred a short way along the muscle (muscle necrosis extended as far as 3 mm. behind the wound), or whether the muscle, squashed by the clamps, had slipped out of the grip. When synthetic fibres are strained it is known that up to 90 per cent. of their breaking strength, when measured by a second test, is unaffected (Booth, 1961) . Therefore, in this investigation, if it was obvious that a slip had occurred, or if there was any doubt about it being truly broken more than 3 mm. from the site of the wound, the specimen was re-tested. If the end-point of the first test was less than 90 per cent. of the end-point of the second test, the result of the latter was considered as valid. If, on the other hand, the result for the first test was more than 90 per cent. of the result for the second test, the result was not included in the series, and the operation and test were repeated (it is admitted that the value of 90 per cent. may be too high, but there is no precedent in animal tissues and, in fact, less than 10 per cent. of the results were included subject to this factor).
Results
The results (Tables I and II) are expressed as the strength of the wound that was actually recorded rather than as a percentage of a control, because there was considerable variation between the strength of the unoperated muscle-to-sclera junctions, and therefore no suitable control.
The breaking strength of the unoperated muscle-to-sclera junctions is given in Table III . Table IV is a record of the site where the wounds broke apart. It is seen that the weakest part of the wound is the junction of the suture and the muscle. Only once did the suture itself break, and on this occasion the knot came undone. The figures in this Table can be grouped together as follows:
Total number of wounds where the suture pulled out of the sclera: Recession, 14; resection, 11.
Total number of wounds where the suture pulled out of the muscle: Recession, 46; resection, 49.
The site of the break could not be recorded in a number of instances because it was not possible to identify the suture as a separate entity in the wound. In these cases, the suture appeared to be encased in fibrous tissue, and the specimen may have broken apart adjacent to the area of the wound. 
Discussion
It is quite clear that there is an appreciable variation between the results obtained for any one wound on any particular day. This is not surprising since there are many variable factors:
(1) The variation between any two animals, namely, their age, sex, state of nutrition, and health.
(2) The size of the animals, and of their muscles, was variable. (3) All the operations were carried out carefully, but it is not claimed that they all followed exactly the same course. The principle sources of variation were: (a) The amount of tissue damaged during the operation. (b) Variable bites of sclera were included in the sutures. (c) The hold of the suture for the muscle was probably variable, and it should be noted that the sutures were pulled out of the muscle in a direction which was parallel to the direction of the muscle fibres.
(4) Although enucleation was carried out as carefully as possible one cannot exclude a variable amount of damage being inflicted on the wounds before they were tested.
(5) The errors involved in mounting the specimen in the clamps of the tensiometer and the performance of the test are probably minimal compared with those above.
(6) The efficiency with which the suture was knotted is not included as a variable factor because the knot was the weakest point in only one wound.
RATE OF MUSCLE RE-ATTACHMENT AFTER OPERATION
In spite of all the variations, a fairly clear pattern has emerged. The notable features (Figs 2 and 3) are as follows:
(i) The general shape of the curves is similar to that produced by previous workers.
(ii) The curve for each wound rises more steeply when silk sutures are used than when catgut sutures are used. This difference is not statistically significant because small samples were used, but the "silk" wounds are fairly consistently stronger where the curves are rising.
(iii) The strength of both wounds starts to rise 4 to 5 days after operation and reaches that of the normal unoperated muscle-to-sclera junction within 10 to 14 days.
(iv) Muscle becomes re-united with fibrous tissue at the same rate as it becomes re-united with muscle.
(v) There is a definite fall in the strength of both the wounds which were sutured with silk between the 14th and 21st days. Before comparing the results of these experiments with those of other workers, it is necessary to consider what factors contribute to the strength of a wound during the period of healing. Initially, there are only two factors, namely, the strength of the knotted, wet suture, and the ability of the tissues to retain the suture-a factor which will be called the "tear-away" strength. After a lag period, the strength of the wound increases because of the laying down of fibrous tissue. We do not know how the tear-away strength varies^during this time, but the strength of the suture decreases at a rate which varies with the nature of the material.
If we look at the results for the wounds sutured with catgut it is evident that, at the time of operation, the tear-away strength is the limiting factor, because the strength of the suture is several times the recorded breaking strength of the wound and because, with one exception, the suture was never seen to break. This state of affairs continues until the strength of the wound increases from the deposition of the fibrous tissue. As the fibrous tissue is laid down mainly around the suture, we can regard the factor for the tear-away strength as being inseparable from the strength which the fibrous tissue gives to the wound. Therefore, after the curve has started to rise, the two factors which have to be considered are: (i) The amount of fibrous tissue deposited, and (ii) the strength of the suture.
As the latter drops below 0 5 lb. (i.e., less than the initial tear-away strength) and down to nil sometime between the 5th and 21st days (Lawrie, Angus, and Reese, 1959) , it can be assumed that its contribution towards the recorded breaking strength decreases accordingly. If allowance is made for this, a curve could be postulated which would represent the amount of fibrous tissue laid down day by day in the "catgut" wounds.
The results for the wounds sutured with silk can be interpreted on the -same reasoning, the only difference being that silk sutures do not decrease in strength as quickly as do catgut ones. Nelson and Dennis (1951) found that silk sutures probably contribute nothing to the strength of the wound after 14 days. Postlethwait, Dillon, and Reeves, (1962) found that the strength of silk sutures was maintained for 14 days but thereafter it was variable.
The interesting feature of both the "silk" curves is the drop between the 14th and 21st days, when the strength of the wounds falls to slightly less than that of the "catgut" wounds. By this time, the catgut suture does not contribute to the strength of the wound, and as a similar amount of fibrous tissue appears to have been deposited in both wounds 21 days after operation (Ingram, 1965) , it is reasonable to postulate that the fibrous tissue is the only major factor contributing to the strength of both wounds. The recorded decrease in the strength of the "silk" wounds could therefore be explained by an equivalent decrease in the contribution of the silk sutures to the strength of the wound.
The extra strength imparted to the wounds by the silk suture between the 5th and 14th days could also explain why the "silk" curves rise more steeply than the "catgut" curves. This explanation would also fit in with the histological observation that there appears to be no difference between the amount of fibrous tissue laid down in the wounds sutured with catgut and those sutured with silk during this period.
It will be seen from Table V that a wide variety of sutures is used for these operations in human subjects. The figures in this Table have been compiled from 142 replies to a questionnaire sent to ophthalmologists in the United Kingdom in 1960. The discrepancy between the total of 159 replies in the Table and the total of 142 replies received is due to the fact that 17 surgeons used a different suture for different operations. Catgut is the most popular material, but it is interesting to note the different sizes of suture that are used. Table VI lists the type of knot used for tying the muscle suture When a surgeon chooses between catgut and one of the relatively non-absorbable sutures, he must consider many factors; for example, the incidence of infection, the fact that silk and nylon sutures are sometimes extruded months after operation, allergic reactions to catgut, the varying degrees of inflammatory reaction caused by the suture, reliability of knots, and ease of handling. Nevertheless, the primary function of the suture is to hold the muscle to the sclera. It is not there to provoke an inflammatory reaction, and since the inflammatory reaction in these wounds after the second post-operative day appears to be proportional to the amount of suture material in the wound, it is reasonable to use as fine a strand of suture as it is safe to use. The suture must hold the muscle to the sclera until such time as enough fibrous tissue has been formed to do this, and during this period the wounds are subjected to varying strains. Madroszkiewicz's (1954) finding that the maximum pull of an extra-ocular muscle in man is 75 g. (0 16 lb.) assumes considerable importance in this problem. It is pertinent, therefore, to consider what are the requirements of the suture in this situation. Initially, the tear-away strength is the weakest point in the wound, and neither this nor the strength of the suture should fall below a certain level before the tensile strength, measured with the suture in situ, starts to rise. This cannot be measured in man, and since the tissues involved are different in rabbits and in man, it will be necessary to carry out further experiments in monkeys. Nevertheless, we can deduce something from these experiments in rabbits because the tear-away strength for these wounds is similar to that found by Foster, Pemberton, and Freedman (1942) , who inserted sutures into the sclera and muscles of human eyes being enucleated for various reasons. Furthermore, it is probable that the rate of deposition of fibrous tissue is roughly the same in man and in rabbits.
Only once was the strength of one of these wounds less than the maximum pull of an extra-ocular muscle in man (0 16 lb.) and this was the one occasion when the knot came undone. It seems reasonable, therefore, to accept as the minimum "safe" mean strength of one of these wounds in man, 0 42 lb. (i.e., three times the maximum pull of an extra-ocular muscle). If catgut sutures are used the critical factor is that the strength of the suture itself should not fall below this level on the 5th day. Size 3/0 is, therefore, quite adequate, and further experiments may well show that 4/0 is large enough. On the other hand, the strength of the silk sutures probably does not alter during the first ten days and the tear-away strength is probably the limiting factor. The initial strength of a knotted, wet strand of silk suture need not, therefore, be as strong as that for catgut, and it is probably unnecessary to use sizes larger than 4/0. Similar arguments can be applied to the use of chromic catgut sutures, and according to the figures of Lawrie and others (1959) 5/0 should be adequate.
One final clinical application of measurements of the strength of wounds in squint operations must be mentioned. Many surgeons still cover both eyes in a child for one or more days after operation. So far as I am aware no wound starts to increase in strength before the 4th post-operative day. This means that if it is considered necessary to immobilize the eyes by double-padding in order to prevent the muscle being pulled off the sclera, it must be continued at least until the 4th day. It should however, be possible to select a suitable suture to render this practice superfluous.
Summary
(1) The rate at which the rabbit extra-ocular muscles become re-attached to the' sclera after the operations of recession and resection has been measured by means of tensile-strength tests.
(2) These tests show that muscle becomes re-united with fibrous tissue at the same rate as muscle-to-muscle wounds heal. The strength of both these wounds attained that of the normal unoperated muscle-to-sclera junction 10 to 14 days after operation, irrespective of whether catgut or silk sutures were used.
(3) The wounds sutured with silk were consistently stronger than those sutured with catgut between 4 and 14 days after operation. This difference was not, however, statistically significant because small samples were used.
(4) There is no evidence to show that fibrous tissue is laid down earlier, or at a faster rate, when silk sutures are used than when catgut sutures are used. It is suggested that the increased strength of the "silk" wounds is due to the silk suture contributing more to the strength of the wound between the 4th and 14th days than the catgut suture does over the same period.
(5) The significance of the measurement of the strength of these wounds in rabbits and its relation to the size and nature of the sutures that should be used in these operations in man is discussed.
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